The fixed-geometry valve micropump is a seemingly simple device in which the interaction between mechanical, electrical, and fluidic components produces a maximum pump output near resonance. This type of pump offers advantages such as scalability, durability, and simplicity of fabrication in a variety of materials. Past work has focused on the development of a predictive linear dynamic model for pump design, while little has been done to improve valve shape. Here we present a process to optimize valve shape using 2D computational fluid dynamics in conjunction with an optimization algorithm. The calculated valve diodicity was maximized by manipulating six independent, non-dimensional geometric variables for a Tesla-type valve. The resulting optimally shaped valve had a 25% increase in calculated diodicity averaged over the Reynolds number range [0, 2000] compared to a non-optimized Tesla-type valve. Overall pump design was investigated by sizing the optimized Tesla valve shape in relation to all other parameters in a linear dynamic model that was modified to include the effects of cavitation and other limiting factors. Four pump prototypes were fabricated in acrylic and polycarbonate using numerical-control machining techniques and miniature end mills. Testing demonstrated that a pump with the optimal shape produced nearly three times the performance of the same pump with a non-optimized valve.
NOMENCLATURE

INTRODUCTION
A large variety of micropumps exist including those based on an oscillating membrane, a piezoelectric bimorph actuator, and in-plane fixed geometry valves [1, 2] . Such valves, termed "No Moving Part" (NMP) valves, develop a different pressure drop in the forward and reverse flow direction due to shape alone. This valve behavior is a function of Reynolds number and its relation to valve shape is not necessarily obvious [3] . Orienting the inlet and outlet valves in the preferential flow direction enables pumps based on these valves to generate net flow.
The three primary steps of the design process investigated in this study with the goal of increasing the performance of NMP micropumps were 1) optimizing valve shape, 2) describing the pump with a predictive linear dynamic model and 3) utilizing a system optimization technique based on the linear model to determine the best values for all geometric parameters. The first step is entirely new and described in detail below. The second step has been accomplished by modeling the valves as straight rectangular cross-section channels in place of the actual valve geometry [4] .
Step three, a systematic investigation of multiple design cases [5] , was enhanced as part of this study by considering factors limiting performance, including available supply voltage, piezoelectric deploarization and fluid cavitation. In this study new techniques were also used to fabricate and test plastic pumps, rather than silicon-based devices reported in the past, which was part of an overall effort to design small scale phasechange cooling systems for electronics.
For valve shape optimzation, it is necessary to quantify "valve action." This can be done with the ratio of the pressure drop in the reverse direction to that in the forward direction at a given volume flow rate, termed diodicity
Diodicity is a function of Reynolds number for a particular valve shape, and the functional relation can vary significantly with shape [3] . Common micropump valve shapes include the Teslatype valve [1] , nozzle-diffuser [2] and a filleted diffuser [6] . In this paper the optimization is limited to Tesla-type valves, although the basic procedure is applicable to any parametrically described valve shape.
METHODS
The methods utilized in this study are presented in four parts. A commercial computational fluid dynamic (CFD) package that included formal optimization techniques used for determining optimal valve shape is described. Valve sizing is then described based on a linear model of pump resonance. Plastic fabrication methods are then described that were used to realize several pumps based on the optimum valve shape along with a control pump based on an often-used empirical shape referred to as a Tesla-type I [4] . Lastly, testing methods are described that were used to examine how valve shape affected pump performance.
Valve Shape
The FLOTRAN component of ANSYS version 6.1 (AN-SYS, Inc., Canonsburg, PA) was utilized to calculate velocity and pressure throughout the Tesla-type valve. Optimization of valve shape to maximize diodicity was accomplished through the use of a parametric description of the Tesla-type valve based on six geometric design variables. Optimization was performed to determine the best set of these design variables with the ANSYS Subproblem Approximation method that utilized the results of the flow field calculations for each set of design variables considered.
Flow Field Calculations
Solutions of the NavierStokes equations were confined to two-dimensional, incompressible, and steady-state laminar flow. By solving these equations in non-dimensional form, a universal solution was obtained for any size valve of a particular shape that depended only on Reynolds number. The dimensionless quantities used were
where U is the characteristic velocity, and L is the characteristic length (valve width w v in this case). The dimensionless form of the incompressible steady state Navier-Stokes equation is then
where the dimensionless operator∇ ≡ L∇ and D h is the hydraulic diameter. To simplify the assignment of Re in the 2D computations, for which D h = 2 based on the non-dimensional valve widthw v = 1, the characteristic velocity was chosen to be one half and ρ was set to unity. With these assignments, the fluid dynamic viscosity in the CFD model was then assigned the value
The computational grid was designed to adapt to changes in geometry and maintain sufficient grid densities in areas of large velocity and pressure gradients. This was done by carefully biasing element size. To speed solution time unnecessary elements were reduced by using course grids in appropriate areas and reducing elements in the streamwise direction along long channel lengths. Rectangular elements were used, with 16 elements across each valve channel resulting in 7,000 to 10,000 total elements. Grid independence was checked by doubling the number of elements and determining that the solution changed less than 2%.
Inlet and outlet boundary conditions were applied to the straight walls of plenums, which were used to model actual plenums and pump chambers (see Fig. 1 ). The inlet condition was a uniform velocity consistent with the characteristic velocity used. The outlet condition was a constant pressure of zero. Finally, velocity was set to zero on the valve walls and curved walls of the plenums to impose the no-slip condition.
Solution options were chosen for combined accuracy, stability, and minimal excecution time. The velocity and pressure were solved using the semi-direct solvers Conjugate Residual (CR) and the Pre-Conditioned Conjugate Residual (PCCR) methods respectively. Solver relaxation was fine-tuned to decrease solution time while maintaining solution accuracy. Coupling between the momentum and pressure equations was handled by an enhanced Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm, the SIMPLEN method. The advection scheme for the momentum equation used the second order accurate Streamline Upwind/Petrov-Galerkin (SUPG) method while the pressure equation used the first order accurate Monotone Streamline Upwind (MSU) method.
Convergence was controlled with a convergence monitor for each Degree of Freedom (DOF). The convergence monitor was based on a calculation of the sum of changes in DOF between the current iteration and previous iteration divided by the sum of the current DOF. The default convergence monitors were relaxed by one order of magnitude to 10 −1 for velocity DOFs and to 10 −7 for pressure. These levels were determined after observing that doubling the number of solution iteration steps resulted in solution stability to within 2%.
Flow field calculations were performed on a cluster of ten IBM RS/6000 computers running the AIX operating system. Thirteen values of Re up to 2000 were considered. At each Reynolds number calculations were performed in both the forward and reverse flow direction for each valve shape considered. Shape Optimization To include optimization of valve shape based on solutions of the flow field, valve geometry was described with six independent non-dimensional design parameters as shown in Fig. 1 . Since the non-dimensionalization was based on valve channel width, that parameter was unity and therefore not one of the design variables. Special attention was paid to the loop return region which consisted of a straight channel segment oriented at the angle β. This angle was not one of the design parameters but was based on the coordinates nX 2 and Y 3 . Defining the loop in this manner resulted in minimal interference with the plenum and a wider range of β than was possible with the parametric model previously investigated [3] . A reference valve was also modeled which was similar to the Tesla-type I valve reported previously [4] .
To maximize valve diodicity over a range of Reynolds number, an object function was based on the area under the curve of the function Di(Re) multiplied by a weighting function, which was used to also minimize forward flow resistance,
In this study Re min = 0, Re max = 2000 and m = 1.
Valve Sizing
Valve size was determined by examining multiple pump designs with a previously reported linear model of pump resonance [4] in the form of code written in Matlab (version 6.5, The Mathworks, Inc, Natick, MA). Using that model and starting with a particular pump chamber diameter, optimization of other pump parameters was primarily concerned with choosing the best combination of actuator geometry (cover plate thickness and piezoelectric element radius and thickness) and valve size. This is because pump resonance is primarily determined by driving element stiffness and inertance of the fluid in the valves.
For this study the existing linear model was extended to include important voltage-limiting effects. First, cavitation often limits maximum pump performance. In addition, the voltage applied to the piezoelectric element must not cause the electrical field across it to exceed the depolarization level E depol . Lastly, there is a maximum voltage V s,max that can be generated by an amplifier supplying the voltage. Based on static cavitation pressure P cav in the pump chamber, the maximum possible (or cutoff) voltage V s,c that can be applied to the pump is given by
where P c is the harmonic amplitude of the pump chamber pressure per volt about the time-averaged mean chamber pressure P cm , and t p is the piezoelectric element thickness. Since P c in the above expression is a function of frequency, so is V s,c . It follows that the outlet valve volume flow rate, like any other model parameter, also has a frequency-dependent cutoff value
where Q o is harmonic amplitude of the the outlet valve volume flow rate per volt. The effect of reduced static pressure in the valves due to fluid velocity was also taken into account by replacing the voltage limit due to static cavitation in Eq. (6) with the solution for V s in the relation
where A v is the cross sectional area of the valve channels, and where it is assumed the inlet and outlet valves are identical. The result is given by
For purposes of calculation, Eq. (9) may be an inappropriate form when the dynamic pressure effect approaches zero, which is equivalent to ρ approaching zero. Taking the limit of expression as ρ → 0 and using a binomial expansion for the radical, Eq. (9) reduces to Eq. (6) to order ρ 2 . Thus the two expressions can be combined based on the value of
or
where ε o , is the smallest number that can be differentiated from unity. For Matlab on a Pentium III PC ε o 2 × 10 −16 . With the above performance-limiting effects considered, the linear system model was used to investigate a wide range of membrane thicknesses and valve sizes. As in [4] , the electromechanical parameters of the piezoelectrically-driven membrane were calculated with finite element analysis, and these values were used as inputs for the linear system model. Here a threedimensional model was used to capture the effects of the nonaxisymmetric piezoelectric actuator used (see next section). The valve equivalent lengths, or the straight channel lengths used to represent the valves, were calculated based on an average path between the forward and reverse directions through the valve, as in [4] . Several model outputs were considered as possible variables on which to optimize, and the pumps built were chosen to investigate a range of valve sizes as shown in Table 1 .
Pump Fabrication
Pumps with 10 mm diameter chambers were fabricated by conventional machining techniques using 125 µm and larger end mills (Kemmer Präzision) and a miniature milling machine (Model 5410, Sherline Products Inc., Vista, CA) modified for numerical control (999-6100-005, MicroKinetics Corp., Kennesaw, GA). This allowed rapid progression from CAD design to prototype compared to more conventional, silicon-based microfabrication.
Pump features were machined in acrylic pump housings with equal valve and chamber depths. Polycarbonate membranes were bonded to the housings using a cyanoacrylate adhesive (Loctite 420 Superbonder). Piezoelectric wafers 9 mm in diameter and 127 µm thick (PZT-5A, Piezosystems, Cambridge, MA) were bonded to the membranes using the same adhesive. Electrical connections were made to a 1.5 mm wide "tab" on the piezoelectric driver that extended 2.5 mm beyond the pump chamber. A small pocket was cut through the membrane and into the pump housing below this tab to allow for electrical lead clearance. The pump inlets and outlets were made by gluing 2.08mm inside diameter stainless steel tubes with a rapid-cure epoxy. Table 1 gives the different geometric parameters for the four pumps constructed and tested in this study.
Pump Experiments
The resonant frequency of liquid-filled pumps was tested by first priming the pumps with isopropanol alcohol. Then each pump was flushed with 10ml of deionized water that had been degassed by boiling for 10min and cooled to room temperature. Tubes used for filling were disconnected so that menisci of water were visible at the ends of the stainless steel inlet/outlet tubes. The membrane centerline velocity was measured using a laser vibrometer (Model OVF 302, Polytec, Waldbronn Germany), while a signal generator (Model 19, Wavetek, United Kingdom) applied a harmonic input voltage to the pump actuator through an amplifier (EPA-102, Piezosystems Inc., Cambridge, Massachusetts).
Pump performance tests consisted of measurements at two outlet static pressure loads: blocked-flow, i.e. the pressure at which pumping ceased, and no-load flow, both with the inlet held at atmospheric pressure. For blocked-flow the pressure was measured electronically, using a pressure transducer (EPI-127, Entran Sensors and Electronics, Fairfield, NJ) which was connected to the outlet with a 5 cm piece of compliant tubing having a compliance of approximately 0.0015mm 3 /Pa. Flow rates at zero-pressure were measured by inserting the inlet tube into a petri dish filled with degassed water, and allowing the outlet tube to discharge to another petri dish on an electronic scale (1205 MP, Sartorius, Westbury, NY) at the same hydrostatic pressure. The time for a change in mass of at least 250 mg to occur was recorded, and the flow rate was calculated using the density of water (taken as 1000kg/ m 3 ). Performance measurements for a particular supply voltage were made at the highest frequency attained, which corresponded to the frequency at which either cavitation or resonance occurred. The ambient temperature for all tests was 26 ± 1 • C.
RESULTS AND DISCUSSION Valve Optimization
The optimization calculations required consideration of up to 40 different sets of design variables. Based on 13 values of Reynolds number and flow in both forward and reverse directions, approximately 1000 separate flow field calculations were performed, each taking from 3000 to 8000 cpu-seconds depending on valve shape. The resulting optimum Tesla-type valve is shown in Fig. 2 along with the reference valve for comparison. The return angle β (driven by the design variables X 2 , Y 3 and n) was found to be substantially larger for the optimum valve. Vector plots of the velocity in the loop return region of these valves shown in Figs. 3 and 4 revealed that by increasing the angle β, flow in the loop section was directed to oppose flow in the main channel. This suggests that the losses generated by introducing the fluid with a velocity component opposite to the pressure gradient in reverse flow may be important for maximizing diodicity. While this may seem obvious, it should be noted that if this observation is correct, other details of the loop geometry need to be such that significant flow occurs in the loop during the reverse flow period.
A graph of Di versus Re for the optimum and reference valves in Fig. 5 illustrates the increase in Di from the shape optimization. Diodicity increased by a maximum of 37% at Re = 2000 and by an average of 25% over the range 0 < Re < 2000. There was a slight dip in Di at very low Re for the optimum valve compared to the reference valve. This should be insignificant except with pump operation at very low Re. Depending on pump chamber size and expected flow rates, the Re range con- sidered for shape optimization could be matched to actual values through an iterative process. In Fig. 6 , ∆p r and ∆p f for both the optimum and reference valve versus Re is shown for the valve size used in pumps p30 and p31 based on the 2D CFD results, dimensionalization with Eq. (2), the definition of Re, and properties of water at 20 • C. The optimum valve was found to have a significant increase in ∆p r with little difference in ∆p f compared to the reference valve. For the optimum valve ∆p r was over 30% higher for 1000 < Re < 2000, while ∆p f was consistently within 1-2% of the reference valve values. This behavior may be the result of the weighting function used in the object function Eq. (5), incorporated to minimize losses in the forward direction. For the purposes of this study the optimization process used demonstrated that a CFD model of the micropump valve can be used to optimize a specific fluid dynamic characteristic of the valve shape. However, more work is necessary to understand this more fully, as the optimum Tesla-type valve appears to be a subtle balance of channel lengths and orientations.
Valve Sizing
The linear pump modeling techniques based on reducedorder parameters allowed for the consideration of multiple de- sign cases and revealed many interesting results about valve size. Figure 7 shows the membrane velocity versus valve width and membrane thickness for 10mm diameter polycarbonate membranes, with a 2.5 valve depth-to-width aspect ratio, a chamber depth equal to the valve depth, and a length-to-width ratio of 16 (in between the optimized Tesla-type valve from Table 2 and the benchmark Tesla-type I valve; see Table 1 ). Thicker membranes yield stiffer, higher Q-factor systems, which yield larger membrane velocities. This is consistent with past findings on the importance of stiff membranes [7] . Larger valves mean lower valve resistance and therefore less energy dissipation, which also yields higher membrane velocity. All other model output parameters followed the same trend of higher values with thicker membranes and larger valves.
A very different design surface results when the voltage is limited according to Eq. (11), as shown in Fig. 8. Also, Fig. 9 shows the chamber pressure, in which the large "shelf" across much of the design space occurs at a value of approximately 1 atm. This indicates graphically that pumps built within that region will have cavitation as the limiting factor. Therefore, when a model output such as membrane velocity or valve flow rate Q o has voltage limits applied, it is reasonable to expect that maximum values will occur along the edge of the "shelf" in Fig. 9 . This expectation is confirmed with Fig. 8 as the maximum in that figure occurs with the largest valves possible, and with a membrane thickness that does not get too far into the cavitationlimited region.
Valve Re is a reasonable model output on which to optimize, given the results from the CFD calculations shown in Fig. 5 , and pect that the peak of the predicted Re surface in Fig. 10 would occur with larger valves, because as size increases, Re increases and the valve resistance decreases leading to less energy dissipation in the system. Figure 5 indicates that Di increases with Re so net flow would also increase. But it can also be shown from a simple node equation between the inlet/outlet valves and pump chamber that the output pressure is proportional to the mean chamber pressure P cm . With large valves, flow imparted by the pump membrane may rush out of the chamber before P cm has time to increase substantially. Because of the potential for high flow and high pressure to occur in opposite corners of the valve-size/membrane-thickness design space, pumps were built with a variety of membrane thicknesses and valve sizes.
Experimental Results
The four pumps in this study were chosen to have a variety of parameter combinations. Figure 11 shows the pump identified as p31 next to an electronic chip. This pump, as well as each pump from Table 1 , was tested at both low voltage for resonant behavior and at high voltage for pump performance. The measured resonant behavior at low voltage is shown in Fig. 12 , and it can be seen that good agreement was obtained for the model predictions of membrane velocity for each of the design parameter combinations. The disagreement in predicted frequency for devices p30 and p31 was well within reason considering that model predictions were made entirely based on first principles [4] . It is also seen that pumps p30 and p31 had very similar linear behavior when view as pairs of model predictions or measured results. This was apparently the result of the fact that their diffenent shapes caused only a small difference in averge path length-towidth ratio, 15.5 for the optimized valve and 16.7 for the reference valve.
The high-voltage pump behavior is captured in the measured pump performance curves of Fig. 13 . Conclusions may be drawn about the three pumps with the same valve shape but with different valve sizes and membrane thicknesses. The behavior of pump p28 relative to pump p29 indicates that the former did better in net pressure but poorer in net flow, consistent with the argument presented in the previous section. It was somewhat surprising that p31 produced a performance curve capturing the best of both p28 and p29. Future work should aim to accurately quantify the predictions of net flow and pressure, so that a pump may be more accurately optimized for maximum performance.
Most notable of the measurements in Fig. 13 is the comparison between pumps p30 and p31. Pump p31 was nearly identical to p30 in terms of the linear model parameters characterizing it as demonstrated in Fig. 12 . Yet in Fig. 13 the pump with the optimum valve shape is seen to have nearly three times the performance of pump p30 at approximately the same driving level in terms of both pressure and flow developed. This result validates the approach used in this study to determine optimum valve shape for improved pump performance.
CONCLUSION
An optimization process for fixed-geometry valve shape and size was accomplished. Optimization of valve shape using CFD in conjunction with optimization methods was demonstrated on a Tesla-type valve with a significant increase in calculated diodicity compared to a reference valve over a wide range of Reynolds number. A linear system model was used to determine valve size and membrane thickness for best pump performance. Pump fabrication techniques utilizing CNC micro-machining in acrylic plastic were introduced as a rapid micropump prototyping technique. Lastly, results from a pump with optimized valves compared to a pump with a reference valve demonstrated a nearly three fold increase in pump performance.
This study also demonstrated the value of the linear model used in that it was originally developed for silicon/Pyrex fabrication, but was successful in this study for designs in acrylic/polycarbonate, which have significantly different material properties. Also, the basic simplicity of NMP pump fabrication was demonstrated by the ease with which we were able to fabricate pumps using new materials. 
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